The contribution of the hematocrit (Hct) of the blood in the pulmonary vasculature to the overall lung mechanics has not been characterized. We therefore set out to establish how changes of the Hct level in the pulmonary circulation affect the airway and lung tissue viscoelastic properties. The Hct level of the blood in an isolated perfused rat lung model was randomly altered. Intermediate (26.5%), followed by low (6.6%) or normal Hct (43.7%) were set in 2 consecutive sequences. The pulmonary capillary pressure was maintained constant throughout the experiment and the pulmonary hemodynamic parameters were monitored continuously. The airway resistance (Raw), the viscous (G) and elastic (H) parameters and the hysteresivity (=G/H) of the lung tissues were obtained from measurements of forced oscillatory input impedance data. Raw was not affected by the alterations of the Hct levels. As concerns the lung tissues, the decrease of Hct to intermediate or low levels resulted in close to proportional decreases in the viscoelastic parameters G (16.5±7.7%, 12.1±9.5%, p<0.005) and H (13.2±8.6%, 10.8±4.7%, p<0.001). No significant changes in  were detected in a wide range of Hct, which indicates that coupled processes cause alterations in the resistive and elastic properties of the lungs following Hct changes in the pulmonary circulation. The diminishment of the viscous and elastic parameters of the pulmonary parenchyma following a reduction of blood Hct demonstrate the significant contribution of the red blood cells to the overall lung viscoelasticity.
INTRODUCTION
The mechanical properties of the pulmonary system are determined by the individual contributions of and the complex interactions between its main constituents, the tracheobronchial tree, the lung parenchymal matrix, and the pulmonary vasculature. While the airway properties can be well described by resistive and inertive properties (13) , the involvement of the lung tissues in the overall lung mechanics is more complex: the importance of the complex interactions between the extravascular proteins, fibers, cells, surface film layer and interstitial fluids has been well documented (3, 7, 23) .
There is increasing evidence of the key role of cardiopulmonary interactions in a wide variety of lung disorders, such as congenital malfunctions (2, 12) , pulmonary hypertension (1, 15) and airway hyperresponsiveness (19, 24) . The participation of the pulmonary vascular capillary network in the gross elastic and dissipative properties of the lung, however, is less well understood. There is a particular lack of knowledge as to how the rheological properties of the blood affect the lung tissue viscoelasticity, despite the clearly-established fact that the blood composition determines the mechanical properties of the pulmonary vasculature (13, 14, 21) . Higher levels of hematocrit (Hct) at a given shear rate result in an elevated viscosity of whole blood (26) , thereby raising the vascular resistance in an exponential fashion, and altering the shape of the pulmonary vascular resistance-blood flow curve (13, 14, 20) .
Furthermore, the viscoelastic properties of the blood depend greatly on the level of Hct (22) . Indeed, our earlier data suggest that hemodilution and/or hemoconcentration may alter the bronchial tone and lung tissue viscoelasticity (8) . However, no data are available that characterize the link between the physical properties of the blood at different Hct levels and the mechanical properties of the lungs. A clearer understanding of such cardiopulmonary interactions would facilitate a more complete description of the basic contributors to the lung tissue viscoelasticity. Further, a more complete picture would be of major importance in clarifying the lung mechanical consequences of clinical situations involving hemodilution (i.e. fluid replacement therapy), hemoconcentration (i.e. polycythemia, dehydration and chronic hypoxia) or the weaning of the patient from the ventilator.
The aim of the present experiments was therefore to characterize how alterations in the blood hematocrit in the pulmonary circulation affect the airway mechanics and the lung tissue viscoelasticity. We hypothesized that the airway parameters would not be affected by alterations of Hct, however Hct would affect the lung tissue viscoelasticity via modifying parameters related to both the energy loss (damping) and storage (elastance).
METHODS

Animal preparations
The experimental protocol was approved by the Experimental Ethics Committee of the University of Geneva and the Animal Welfare Committee of the Canton of Geneva, Switzerland (No. GE/171/14).
Adult male Sprague-Dawley rats (n=18, weighing 424-514 g) were anesthetized with isoflurane (3-4% induction dose). Tracheotomy was performed with a 14-gauge polyethylene cannula (BBraun, Melsungen, Germany), and volume-controlled positive pressure mechanical ventilation was applied with a tidal volume of 7 ml/kg, a frequency of 70-80/min and a positive end-expiratory pressure of 2.5 cmH2O (model 683, Harvard Apparatus Co. Inc., South Natick, MA) while the inspired fraction of oxygen was maintained at 0.5. During the surgical preparation, anesthesia was maintained with 1.4% isoflurane. A femoral artery and vein were catheterized for blood sampling and continuous arterial blood pressure monitoring.
Blood gases from arterial blood samples were analyzed regularly (Ultima TM , Datex/Instrumentarium, Helsinki, Finland). Airway pressure was measured (Validyne DP 45, Northridge, CA) and monitored continuously (Biopac, Santa Barbara, CA). The rats were fully anticoagulated (heparin, 1.5 IU/g iv) and 20-25 ml blood was then gently withdrawn via the arterial cannula, the collected blood being continuously replaced by the iv administration of colloid solution (6% hydroxyethyl-starch). This procedure resulted in the collection of blood with a Hct of around 25-30% from each animal.
Preparation of isolated lungs
Harvesting and perfusion of the isolated rat lungs were carried out in 9 rats as detailed previously (17) , while the other 9 rats served as blood donors to allow Hct level elevation with a sufficient volume priming the perfusion circuit. The blood collected from all rats was centrifuged (3000 g for 10 min). The supernatant plasma was extracted from the centrifuged blood of the donor rats to obtain concentrated blood with a Hct of ∼50%, thereby allowing perfusions with higher Hct levels. This supernatant plasma was used to dilute the perfusate to achieve low Hct levels of ~5-10%. In the rats involved in the main study group, the centrifuged blood was re-concentrated to attain Hct of ∼30%; this was used to perfuse the lungs initially. A median sternotomy was performed in these animals and the main pulmonary artery was cannulated via the right ventricular outflow track (14-gauge, BBraun, Melsungen, Germany). Another catheter was placed in the left ventricle through the left ventriculotomy, in which a Combifix®-Adapter (BBraun, Melsungen, Germany) was tightly fixed and connected to medical-grade silicone tubing. A third catheter was placed directly in the left atrium (polyethylene tubing, ID 0.88 mm, Portex, Hythe, GB). The lungs and the heart were excised and extracted in a single block, dissected free of adjacent tissue.
Lung perfusion
The setup used for the lung perfusion has been detailed previously (17) . The heart-lung block was placed in a humidified box (590 ml) and volume-controlled positive pressure mechanical ventilation was applied in the same manner as in the intact animal, except that 5% CO2 was added to the inspired air to avoid hypocapnia. In the absence systemic oxygen consumption, 
Lung mechanical measurements
The mechanical parameters were estimated from the input impedance (ZL) measured by forced oscillation with the wave tube technique, as described previously (18) . Briefly, at endexpiration, the mechanical ventilation was paused; during these apneic periods, a loudspeaker and the tracheal cannula were connected through a polyethylene wave tube (length=102 cm, ID=0.2 cm), and a small-amplitude (1 cmH2O peak to peak) forcing signal was delivered into the trachea. The loudspeaker was driven by a computer-generated pseudorandom signal containing 23 components ranging from 0.5 to 21 Hz, which is a suitable frequency range to obtain both tissue and airway parameters. Lateral pressures were measured at both ends of the wave tube with miniature side-arm transducers (ICS 33NA00D). These pressure signals were low-pass filtered (< 25Hz) and digitized at a sampling frequency of 128 Hz. The pressure transfer function was created by fast Fourier transformation from the 8-s recording. The ZL was computed from the pressure transfer function, as the load impedance of the wave tube, by using the transmission line theory (9).
A model containing an airway and a constant-phase tissue compartment was fitted to the averaged ZL data in each condition by minimizing the squared sum of weighted differences between the measured and the modeled ZL data. The airways were characterized by a frequency-independent airway resistance (Raw) and inertance (Iaw), while the tissue compartment was described by the parenchymal damping (G) and elastance (H) (13) . The lung tissue hysteresivity () was calculated as G/H (10). The airway parameters were corrected for the resistance and inertance of the ET tube. 
Study protocol
RESULTS
The lung perfusion parameters obtained at the different Hct levels are demonstrated in Fig. 2 .
Increases of Hct decreased Qp markedly (p<0.0001), while Pc remained constant throughout the study protocol (p=0.34). These changes resulted in obvious elevations in Rv (p<0.0001).
There were no statistically detectable changes in WG (p=0.37), indicating the lack of edema formation during the experiments.
The effects of altered Hct on the airway mechanics are demonstrated in Fig. 3 . Changes in Hct did not cause statistically significant alterations in Raw (p=0.25). 
DISCUSSION
In the present study, the airway mechanics and the changes in the viscoelastic mechanical parameters of the lung parenchyma were characterized following alterations in the rheological properties of the blood consequent to changes of the Hct level in isolated perfused rat lungs.
While the airway properties were not affected by a wide range (6-fold) of alterations of Hct, the viscoelastic parameters of the lung parenchyma exhibited differential responses. At lower than physiological Hct values, alterations in the viscous and elastic properties of the lung tissue were observed. Moreover, the changes in the resistive properties of the pulmonary vasculature following the alterations of Hct correlated with lung mechanical indices reflecting the energy loss (damping) and storage (elastance) of the pulmonary parenchyma.
Methodological considerations
The present study involved the use of a well-validated model to investigate the effects of pulmonary vasculature alterations on the lung mechanics without the interference of neurohumoral control (17, 19) . This model was earlier shown to offer stable conditions over time and hence to allow repeated lung impedance measurements without the confounding influence of potential lung congestion (17, 19) . In agreement with these earlier studies, the preparation was stable in the vast majority of the predefined measurement conditions (49/54 cases). The failure of data collection in the remaining 5 cases was due to irreversible increases in Rv. Low intraindividual variability was noted in the present study, with no WG (Fig. 2) , suggesting a stable lung function and structure without biasing factors such as edema development or pulmonary hemodynamic instability. The present experiments revealed that the perfusion parameters reflecting the pulmonary vascular pressures and blood flow were in accord with previously established values in isolated perfused rat lungs (17, 19) . Furthermore, the airway and lung tissue mechanical parameters obtained in the present study proved to be in excellent agreement with those reported previously in similar experimental settings (17, 19 ).
An important feature of the current experimental model is the use of positive airway pressure to keep the lungs inflated rather than the physiological negative pressure around the pleural space. While lung inflation performed with negative pleural or positive airway pressure affected markedly the pulmonary vascular changes, earlier results revealed that the mode of inflation does not influence the pressure-dependent changes in the airway and parenchymal mechanics (16) . Therefore, it does not seem likely that our results are significantly biased by this factor, and the findings are most probably valid for intact chest conditions.
Three levels of Hct were set in the present study to characterize how the pulmonary blood rheological characteristics affect the lung mechanics. The intermediate level of Hct (26.5% as group average) was the perfusate obtained from the animals with an attempt to establish pulmonary hemodynamic conditions encountered in vivo (17, 19) . The lower level of Hct (6.6%) was selected so as to achieve conditions where the influence of the erythrocytes is minimal, while the oncotic and osmotic pressures in the pulmonary capillaries are maintained.
The rationale for the highest Hct as normal (43.7%) was to establish near-physiological pulmonary capillary pressure without resulting in extreme increases in Rv.
The present study clearly confirmed that the blood viscoelasticity changes resulting from the adjustment of Hct in the pulmonary vessels ultimately modifies the pulmonary hemodynamics (Fig. 2) . The acute alterations in the pulmonary hemodynamics subsequently influence the mechanical properties of the lungs (17) . These changes, however, are governed primarily by the level of Pc, with minor effects of Qp in the range encountered in our experiments (17) .
The level of Pc in the present study was therefore adjusted to avoid the potential confounding biasing effects of an altered Pc, while the inevitable alterations in Qp per se were not likely to bias the findings.
Effects of the altered Hct on the airway mechanics
The main lung mechanical parameter reflecting the flow resistance of the conducting airways was not affected by the wide range of alterations of the Hct (Fig. 3) . This finding indicates the lack of influence of blood Hct on the airway properties. However, it should be born in mind that the bronchial circulation was not perfused in the present experimental model. While our primary aim was to characterize the impact of the pulmonary circulation on the lung mechanics, the potential airway effects of an altered blood viscoelasticity in the bronchial circulation cannot be excluded.
Effects of the altered Hct on the lung tissue viscoelasticity
The main finding of the present study was the observation of consistent changes in the viscous and elastic parameters of the lung tissue when Hct was lowered below the physiological level (Fig. 4) . The changes in these mechanical parameters imply that alterations in Hct affect commonly observed variables reflecting lung mechanics in clinical practice, such as total pulmonary resistance (via its component, G) or dynamic lung compliance (related to the reciprocal of H). Furthermore, the work of breathing required to overcome the frictional dissipative resistance (reflected by G) and against the elastic recoil (represented by H) are also affected by the level of Hct in the blood. This contribution of the blood to the overall lung tissue viscoelasticity can be attributed to various factors. Firstly, since the erythrocytes themselves exert viscoelastic properties (6, 22) , their lower amount in the fluid in the pulmonary capillaries following an Hct decrease is expected to diminish the dissipative and elastic properties of the lung tissue embedding these structures. Secondly, the red blood cells are less likely to aggregate under the low Hct conditions, thereby limiting cell-to-cell interactions (4, 5, 25) . The resulting elevated Qp, as observed in the present study, may further lessen red cell deformation and adhesion, and in this way restraining the viscous and elastic properties of the lung parenchyma. Thirdly, a potential contributory factor may be related to mechanical interdependence of the lung parenchyma and the embedded pulmonary vasculature. This participation of the pulmonary vasculature in the overall lung parenchymal viscoelasticity can be anticipated from the correlations between Rv and the lung tissue damping and elastance (Fig. 5) . Regardless of the potential mechanisms, it is noteworthy that  proved to be invariable to a wide range of changes of Hct (Fig. 4 ). This suggests a coupling between the processes causing alterations in the resistive and elastic properties in the blood in the pulmonary circulation following the changes of Hct.
Summary and conclusions
The results of the present study have provided additional insight into the participation of the Sample numbers are reduced by 2 on the right panels due to lack of data at normal Hct. 
